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NOMENCLATURE

hot-film probe located above a 1ine

- SRR R

hot-film probe located between two lines
u2 .
skin friction coefficient, = —— 5
172 y2 L
’

hot-film probe located downstream of modifications
hot-film probe located above the flat plate

flatness moment of probability density distribution of A

streak bursting frequency

hydrogen bubble time-line generation frequency

boundary layer shape factor, = fg
)

nondimensional height of modifications, = hUT

A
data sample index

height of flow trip roughness elements
total number of data samples
probability density function of A
Reynolds number based on flow trip roughness element
height, = 5% |

: = Yy
Reynolds number based on normal coordinate, = "

Reynolds number based on momentum thickness, = 9%

skewness moment of probability density distribution of A

nondimensional spanwise spacing of modifications, = EEE

v

streak bursting time period
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Greek

u(k)

AR A Y A Al A - h

. . tu?
nondimensional time, = "t

v
free stream velocity outside boundary layer

time-averaged, local streamwise velocity

velocity in the height of flow trip roughness elements

hot-film probe located upstream of modifications

maximum hot-film calibration velocity

hot-film calibration velocity, = %Ul

root mean square of streamwise velocity fluctuations
friction or shear velocity

nondimensional streamwise velocity, = UE
T

[11]
A

nondimensional spanwise coordinate,

nondimensional streamwise coordinate, = EEI. :
v ORI

. . . Y U'r s
nondimensional coordinate normal to plate, = v i
nondimensional distance of bubble-wire above plate, iig
Fwire Y% ;if
v S

4V "3

v !!1

lognormal cumulative probability of X

boundary layer thickness (where u = 0.99 U) X}

displacement thickness
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momentum thickness

spanwise spacing between low-speed streaks

mean value A for lognormal probability density distribution
most probable value for probability density distribution

mean value of A

AU
nondimensional streak spacing, = -;l

DRIV | FIPSVCF IV IO i SO W

kinematic viscosity

viscous length

vorticity

standard deviation of probability density distribution of A
wall shear stress

coefficient of variation of probability density distribution

of A

standard deviation of lognormal probability distribution
(In a)
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B X ABSTRACT

A study employing a combination of hydrogen bubble-wire flow visualiza-

;#ﬁj tion and hot-film anemometry measurements has been conducted to determine

the effects of sublayer scale streamwise surface modifications on the

structure and flow characteristics of turbulent boundary layers. The sur-

}i}: face modifications were created using very fine monofilament fishing line of

fj\- an approximate non-dimensional height of ﬂ&%= 4, Spanwise line spacings of

60 < £ < 160 were examined for a Reynolds number range 800 <’@59*< 1650. R sl Tt

X The hydrogen bubble-wire studies indicate that the lines appear to act

g as nucleation sites for low-speed streaks, but the influence of the lines on
;3‘ streak stabilization rapidly diminishes for yﬁ?> 10. Streak spacing distri-
.;E butions and statistics were developed from the visualization data for both
:ié modified and unmodified surfaces. These results clearly indicate that the

surface modifications did affect the streak spacing characteristics, with
12? the greatest effect of the lines on mean streak spacing distributions and
statistics occurring for §ﬁy'< 100. However, the visualizations indicate

i that for jﬁ?, 10 the determined streak spacing distributions and statistics,

LA

*Ez for all modified surface 1ine spacings, relax back to those characteristic
'32 of an unmodified surface.<f;¢—""—‘
; Mean velocity and turbulence intensity profiles determined for several
;?: of the modified surfaces indicate essential similarity with those of con-
:;f ventional turbulent boundary layers with variations occurring only near the ]
‘%f modifying 1ines. Momentum integral techniques were used to calculate total iﬁ
;S§ surface drag from the measured velocity profiles, and indicate that the N
&i modifications cause a 3% to 8% increase in total surface drag in comparison
.: to an unmodified flat plate. The degree of drag increase shows an apparent
¥
.
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v correspondence with the narrowing of the line spacing. A hypothesis

correlating the increase in drag with the modification of low-speed

streak structure by the surface modifications is proposed.
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1 INTRODUCTION

"‘:'3 1.1 GENERAL

éﬁi Energy dissipation through the generation of turbulence is generally

%%% a primary factor limiting optimal utilization of the energy contained in a
$3? flowing fluid. Since the major portion of turbulence generation is a re- ;
,ﬁ?ﬁ sult of fluid-boundary interactions, investigations of turbulent boundary :
E;i layers, particularly with regard to the control of turbulence, have been

N actively pursued for many years. In a series of particularly key studies,

g;i Klebanoff (1954) observed that a sharp peak of turbulent energy production

iéﬁ occurs just outside the "viscous sublayer", or in that region of the turbu-
i;%? lent boundary layer sometimes referred to as the "buffer region." He found

jzf; that although the wake or outer region of the boundary layer comprises

%jﬁ eighty percent of the boundary layer thickness, it only contributes to

twenty percent of the turbulent energy production.

éi% Since the major production of turbulent energy occurs in the inner

E?% 20% of the turbulent boundary layer, Kline et al. (1967) were prompied to

tf; conduct an intensive study, using both visual and quantitative techniques, }
§§§ of the near wall region (y+ < 40). They determined that the viscous sublayer ;
i;: (y+ < 5) 1s not two-dimensional and steady as some models suggest, but con- .
;.‘ sists of three-dimensional unsteady motions all the way to the wali. They g
iéi also observed that the major production of turbulent energy in the inner %
gif region of the boundary layer is the result of violent bursts of low-speed 5
i fluid from regions very near the wall. They hopothesized that these bursts g
B were the result of an instability mechanism, and that they are the primary :
ﬁig means by which turbulent kinetic energy is transported to the outer or

1;; wake region of the boundary layer.

s




The bursting process, as described by Kline, begins with the formation
of low-speed streaks along the surface of the flat plate. Due to the pre-
sence of streamwise vorticity between the streaks, the streaks move out-
ward from the wall as they propagate downstream, with streak oscillation
beginning to take place at y+ = 10. As the streak continues to 1ift outward
from the surface the oscillation intensifies, and the streak is stretched
and deformed until it bursts at y+ < 30. Hence, 10-<y+ < 30 is considered
to be the streak "break-up" range. Kim et al. (1971), Grass (1971), Oldaker
and Tiederman (1977), Smith (1978), and others, have all observed essentially
this same streak-burst process.

Another characteristic of the "streaky structure" is that the structures
appear to arrange themselves in such a manner to yield a non-dimensional
mean transverse streak spacing of ;I = AUT/v = 100 + 20. This characteris-
tic spacing of the streaks has also been confirmed by Kline et al. (1967))
Oldaker and Tiederman (1977), Metzler (1980), and Nakagawa and Nezu (1981),
with the most detailed study being conducted by Smith and Metzler (1983).

Although there have been several studies of the "streaky structure"”,
most explanations of the.origins of the low-speed streaks, the bursting pro-
cess, and why it contributes approximately 80% of the turbulent kinetic
energy produced in a turbulent boundary layer, are only hypotheses. Present
research efforts are directed toward both understanding and controlling the
phenomenon of streaks and streak bursting. One area of investigation is the
potential for controlling streak spacing and bursting by means of streamwise
surface modifications. A viable drag reduction mechanism may exist if
streamwise surface modifications can force streak spacing to increase,

thus causing burst intensity (bursts per unit area) to decrease. This
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would be speculated to decrease momentum transfer, which would yield to a

lower wall shear stress, and thus a reduction in drag. On the other hand,
if streak spacing is forced to decrease or burst intensity should increase
due to streamwise surface modifications, surface drag should increase as a

result of increased momentum transfer.

1.2 STREAMWISE SURFACE MODIFICATIONS

Studies of the behavior of a turbulent boundary layer passing over
streamwise roughness elements were first conducted by Liu et al. (1967).
The roughness elements they examined were rectangular strips of non-dimen-
sional thickness kt = 22.3 and streamwise length x* = 6986. Non-dimensional
heights (h+) of 11, 45, 69, and 111 were tested at non-dimensional trans-
verse spacings of 62 §.s+ < 502. The study employed both dye and hydrogen
bubble techniques to observe the low-speed streaks and determine the burst-
ing rates.

Liu determined that with the exception of ht = 11, the burst rate with

the modifications appeared to decrease from that for an unmodified flat
+
min
which minimized the bursting rate. Further reduction of st below this mini-

plate as s+ was decreased. For each h+, Liu was able to establish a s

mum resulted in an increase in the burst rate. The maximum reduction of
burst rate appeared to be twenty to twenty-five percent below that for the
unmodified plate, which suggests that streamwise surface modifications can
influence momentum exchange and turbulent energy production.. In addition,
the measured momentum thicknesses for the modified surfaces when compared
to those for an unmodified flat plate boundary layer, indicated that the
modifications could facilitate drag reductions of up to three percent

(h+ = 45, st =190 and h* = 69, st = 258), or drag increases of up to

fifteen percent (h+ = 111, st = 373).

........................................




S 3
;éi& In a similar study to that of Liu et al. (1967), Metzler (1980) con- ;
iiii ducted water channel studies using thin round brass rods, anchored to the E
E’! channel bottom with their axes parallel to the streamwise flow. Based upon s
%ﬁ; the viscous length, (v/UT),the non-dimensional height (diameter) of the rods i
??32 and their streamwise length was h+ = 9.5 and x+ = 3600, respectively. a
Studies were conducted for non-dimensional rod spacings (s+) of 60 and 120. .?
};? Metzler observed that for s+ = 60 the streak spacing was coincident
! with the rod spacing for y+ = 10, (A+ = 60) and for a distance downstream
: of the trailing ends of the rods of about axt = 120, (A+ = 75). Note
{;; that Metzler referenced all y+ measurements to the flat plate surface
.i (channel bottom). However, studies at y+ > 10 and downstream distances
greater than axT = 120 showed the "streak structure" appeared to rapidly
iﬁi revert to the larger flat plate streak spacing of At = 100.
> Metzler noted that for st =120 the streak spacing was forced to
o coincide with the rod spacing. This effect was more pronounced in both
é;ﬁ the streamwise and vertical directions than for the rod spacing of st = 60.
- At y+ = 16 above the rods (s+ = 120) the streak spacing was AF s 120;
;E for Ax+ = 120 downstream of the end of the rods the streak spacing at
E;é y' =10 was " = 118. Metzler observed that the streak spacing once again i
> reverted to A= 100 when y+ and axt were greater than the above values. ;
i;f Using visual observations to study the "loop-1ike" ejections into g
= the outer region of the boundary layer, Metzler deduced that the surface ?
modifications augmented the momentum transfer process by increasing both E
the bursting frequency and the vertical ejection velocities. ;
;
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Walsh and Weinstein (1978) conducted an extensive study of drag and
heat transfer on surfaces with small longitudinal (streamwise) surface modi-
fications. The study was performed in the Langley, seven inch by eleven inch,
Low-Speed Wind Tunnel Research Facility. A wide variety of models were ex-
amined including ones incorporating rectangular, triangular, and semi-circu-
lar grooved modifications. Emphasis was placed cn geometries which they
felt would restrict the turbulent bursts to the near-wall region.

The initial Walsh and Weinstein data showed little indication that
rectangular ribbed modifications can be used as a drag reduction mechanism.
However, small drag reductions of less than four percent were observed for
triangular models with h* = 50 and s* = 25 to 50. In addition,_some of the

results with the triangular models indicated that heat transfer efficiencies

could be increased by up to ten percent with respect to that for a flat plate.

Walsh and Weinstein concluded that further testing of triangular and alter-
nating convex-concave models should be conducted.

In a subsequent study, Walsh (1979) tested symmetrical and unsymmetri-
cal v-groove riblets, riblets with a rounded apex, and riblets with various
transverse curvature. The study employed a mechanical displacement mechan-
ism to measure drag directly. For one model, measured momentum thicknesses,
turbulence intensities, and Reynolds stress profiles were comparatively ex-
amined in relation to the direct drag results.

Walsh's data indicate that a drag reduction was attained for several
symmetric triangular riblet surfaces, for which h* and s* were less than
fifty, with all triangular or v-groove riblets displaying drag reduction
when h* < 25. The amount to drag reduction appears to increase with de-

creasing h* and s+; the maximum drag reduction determined thus far is seven

percent.
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Non-symmetric v-groove riblets were also tested in an effort to dis-
turb the natural periodic formation of the streaks and bursts. These data
indicate no additional drag reduction in comparison with the symmetric
v-groove models

Walsh's model 29, a symmetric v-groove model with h = 0.025 cm and
s = 0.051 cm, yielded a maximum drag reduction of seven percent at low
velocities. Therefore, an intensive study of this model was conducted.
With the free stream velocity maintained at 13.7 m/s, (h+ = 10, s+ = 21)
the momentum thickness and Reynolds stress were measured at four locations
on the model, and compared to those of a flat plate. Walsh observed the
largest reduction in momentum thickness to occur in the first 22 cm !
(x+ = 8706) of model 29. This corresponds to a sixteen percent reduction

in skin friction, when the momentum thickness at the beginning of the test h
section is assumed equivalent to that of a flat plate. The momentum thick- a

ness data further downstream suggests that for extended lengths the ribs

become less effective in controlling the momentum exchange process, and ?
thus have a limited effect on skin friction. Hotwire measurements of tur- |
bulence intensities and Reynolds stress were again performed and compared

to flat plate data. The results show that significant decreases in both
properties occur during the first 22 cm (x+ = 8706) of model 29, and then
regress toward flat plate values.

A1l data show that rounding of the apex, or transverse curvature,

decreases the drag reduction effectiveness of the modification. In addi-
tion, the use of convex or concave surfaces were found to generally increase

relative drag as well.
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Walsh (1982) conducted a further study to 1) improve past direct drag
measurements, 2) determine the effect of flow incidence angle, and 3) fur-
ther examine the effects of rib height, spacing, and geometry on drag reduc-
tion.

A deflection sensor was installed on the drag measurement system to
improve the accuracy of the direct drag measurements. The new data indi-
cate that riblets with h' on the order of the burst range (y+ = 30), and
st within the turbulent wall streak range (A+ = 100), can result in net
drag reductions of up to six percent.

For moderate flow velocities, Walsh's data indicates that flow inci-
dence angles up to fifteen degrees have little effect on the magnitude and ;;;
region of drag reduction. However, for velocities above 20 m/s it was ob- -

served that increases in flow angle could increase drag by six percent.

Walsh (1982) made several modifications to the symmetric v-groove
riblet geometries in an effort to increase the magnitude and velocity range
of the drag reduction. New test models included right angle riblets, (one
side of the rib is vertical) several different valley curvatures, and ribs
with a grooved or flat apex.

Tests using right angle ribs indicate that small ribs yield the same
drag reduction magnitude as the identical height and spaced symmetric rib.
For a higher right angle rib, with the same spacing as the short right angle
rib, the magnitude of drag reduction is no different than that of a symmetri-
cal rib of identical height and spacing. However, Walsh observed that the
velocity range of drag reduction is increased slightly for the higher right
angle ribs, with respect to identical height and spaced symmetrical v-grooves.
Also, it was observed as with symmetric ribs that the drag reduction decreases

as rib spacing becomes large.




Tests were performed holding height, spacing, and peak geometry con-
stant to determine what effect various valley curvatures might have on drag
reduction. Walsh determined that valley curvature has no apparent effect
on drag reduction.

Finally, Walsh observed that grooving the peak does not alter the mag-
nitude of drag reduction, but expands the velocity range over which drag
reduction is experienced.

Hence, Walsh has determined that symmetric riblets and right angle
riblets, with h+ < 25 and s+ < 50, appear to cause a drag<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>